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Abstract: The article describes the simulation of the temperature field in a wide range of structural and
operational parameters of the drying process. A qualitatively new representation of the temperature field profile in the
chamber is revealed. As a result of the experiments, criteria were found for the unevenness of the temperature profiles on
the pallets of the dispersion of the temperature of the material and the slope of the approximating line at fixed values of the
average temperature of the substance. In the course of the work, an interrelation between the criteria of unevenness was
revealed, which is clearly manifested when comparing optimization options according to various criteria. The solution to
the optimization problem gives small deviations. The developed model allows you to organize process control taking into
account strategic tasks: maximum performance or minimum power consumption. An engineering technique is proposed for
selecting individual operational and design parameters of the installation based on the proposed nomograms.
Keywords: drying, temperature, profile, construction, heat capacity, thermal conductivity, material.
Aннотация: Қуритиш жараёнининг ҳарорат майдони конструктив ва режим параметрлари
вариациясининг кенг диапазонларида моделлаштирилган. Камерада ҳарорат майдонининг профилини сифатли
янгича тасвирланиши аниқланган. Олиб борилган тадқиқотлар натижасида ҳар бир тагликлардаги субстанция
ҳароратининг қайд этилган ўртача қийматларида силлиқлантириладиган тўғри чизиқнинг қиялик бурчаги ва
материал ҳароратининг дисперсияси бўйича ҳарорат профилини нотекислик мезонлари аниқланган. Турли
мезонлар бўйича оптималлаштириш вариантларини солиштиришда яққол пайдо бўладиган нотекислик мезонлари
ўртасидаги ўзаробоғлиқлик аниқланган. Оптималлаштириш масалалари аҳамиятсиз даражадаги оғишлар билан
ечилган. Ишлаб чиқилган модель, максимал унумдорлик ёки минимал энергия сиғим каби стратегик вазифаларни
ҳисобга олган ҳолда, жараённи бошқаришни ташкил этиш имконини берган. Таклиф этилган номограммалар
асосида қурилманинг алоҳида режим ва конструктив параметрларини танлашнинг муҳандислик услубияти
таклиф этилган.
Таянч сўзлар: қуритиш, ҳарорат, профил, конструкция, иссиқлик сиғими, иссиқлик ўтказувчанлик,
материал.
Аннотация: Осуществлено моделирование температурного поля процесса сушки в широком диапазоне
варьирования конструктивных и режимных параметров. Выявлено качественно новое представление профиля
температурного поля в камере. Экспериментально определены критерии неравномерности профилей
температуры по поддонам дисперсии температуры материала и угла наклона аппроксимирующей прямой при
фиксированных значениях средней температуры субстанции. Выявлена взаимосвязь между критериями
неравномерности, которые наглядно проявлялись при сравнении вариантов оптимизации по различным
критериям. Оптимизационные задачи решались с незначительными отклонениями. Разработанная модель
позволила организовать управление процессом с учётом стратегических задач: максимальная
производительность или минимальная энергоёмкость. Приведена инженерная методика выбора отдельных
режимных и конструктивных параметров установки на основе предложенных номограмм.
Ключевые слова: сушка, температура, профиль, конструкция, теплоемкость, теплопроводность,
материал.
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The rational nutrition of a person is based on a balanced diet, compliance with his regime, as
well as energy balance. Balancing a person’s nutrition implies the use of a certain amount of nutrients,
which must be supplied in certain proportions to the body. At the base of the food pyramid are whole
grain products, vegetables and fruits, as well as medicinal plants. Despite the fact that all food products
are different in their characteristics and properties, they always have their own enzymes and pectin,
vitamins and minerals, a large amount of carbohydrates and water. Vegetable raw materials are
perishable products, this should be considered for their use in food throughout the year, regardless of
the season. To increase the shelf life, special treatment is required. Drying allows you to take into
account the seasonality of the production of plant products, to preserve the nutritional and biological
value for a long time. The most effective in the processing and storage of food is drying. Such a
common and economical method, drying, prevents spoilage and reduces losses, causing minimal
changes in the initial properties of the product while maintaining its nutritional value and consumer
properties. Dried products, mixtures of them attract the consumer for the following reasons: they are
easy to prepare, most of the nutrients are stored in them; taste, coloring, texture and smell differ little
from fresh fruits and vegetables [1, 2]. Also, dried foods, as a rule, do not contain preservatives.
It is most acceptable and advantageous to use plants growing in the place of residence of the
population as raw materials for semi-finished products. Thermophysical characteristics of the products
are the main values in the calculations of technological processes in which cooling, heating or freezing
occurs. Preservation, harvesting, processing of plants is accompanied by low-temperature or hightemperature influences; therefore, the development of effective energy-saving technologies for
preserving and processing fruit and vegetable mixtures requires objective and accurate information
about their thermophysical properties over the entire temperature range [3–5].
Moisture transfer inside the material. When moisture evaporates from the surface of the
material, a moisture gradient occurs inside it, which ensures further movement of moisture from the
inner layers of the material to its surface (internal moisture diffusion). During the drying period, the
moisture difference inside the material is so great that the rate of surface evaporation (external
diffusion) has a limiting effect on the drying rate. However, after the humidity on the surface decreases
to hygroscopic and continues to decrease, i.e., during the drying period, the internal diffusion of
moisture becomes crucial for the speed of the process.
Drying is an unsteady mass transfer process, the speed of which varies during the process. In its
physical essence, drying is a complex diffusion process, the speed of which is determined by the rate
of moisture diffusion from the depth of the dried material into the environment. As will be shown
below, the removal of moisture during drying is reduced to the transfer of heat and substance
(moisture) inside the material and their transfer from the surface of the material to the environment.
Thus, the drying process is a combination of heat and mass transfer (moisture exchange) processes
connected with each other.
The rational nutrition of a person is based on a balanced diet, compliance with his regime, as
well as energy balance. Balancing a person’s nutrition implies the use of a certain amount of nutrients,
which must be supplied in certain proportions to the body. At the base of the food pyramid are whole
grain products, vegetables and fruits, as well as medicinal plants. Despite the fact that all food products
are different in their characteristics and properties, they always have their own enzymes and pectin,
vitamins and minerals, a large amount of carbohydrates and water. Vegetable raw materials are
perishable products, this should be considered for their use in food throughout the year, regardless of
the season. To increase the shelf life, special treatment is required.
Reducing the energy intensity of the drying process of raw materials is possible due to the
improvement of equipment designs, technological process and due to the use of optimal process
control systems [6]. Improving the control of the drying process requires a mathematical model of the
control object, on the basis of which an optimal control model can be built. As we know, there are
more than fifty thermophysical parameters. When performing the drying of dispersed materials, based
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on the thermal calculations of drying, these are the traditional thermophysical characteristics of the raw
material as the object of drying - heat capacity, thermal conductivity and thermal diffusivity [7 -10].
Of particular importance in the processes of artificial drying are the specific properties of the
drying agent (coolant). The choice of coolant is the determining stage in the design and development
of drying technology. The main parameters of the operation of the drying installation (such as heat
consumption and its loss, power consumption, as well as the duration of the drying process) are
responsible for the efficiency of the installation. The choice of coolant is carried out in accordance
with the technological features of production and taking into account the general technological scheme
of the enterprise. The choice of coolant and the calculation of its parameters directly depend on the
final parameters of the drying product [11 - 12].
Continuous development of drying processes and improvement of drying equipment is
impossible without the creation of modern engineering methods for their calculation [11, 12]. The
calculation methods used in practice can be divided into several groups that differ in physical
justification, methodology, mathematical description and means of implementation [13-15].
There are various methods for separate and complex determination of the thermophysical
characteristics of materials using heating (in a wide temperature range) - from initial to stationary.
Usually, the measurement boundaries are not universal, since for most materials there is a change in
thermophysical properties and often requires investigation from the lowest (cryogenic) to the highest
temperatures. For the samples under study (they are often given a certain “model” form for simplicity
of description), it is necessary to know the form of the temperature field function described by
differential relations. It is also necessary to close the system of equations by adding the conditions of
uniqueness by the time factor, geometric, physical or boundary conditions.
There are various methods for separate and complex determination of the thermophysical
characteristics of materials using heating (in a wide temperature range) - from initial to stationary.
Typically, the measurement boundaries are not universal, since for most materials there is a change in
thermophysical properties and often requires investigation from the lowest (cryogenic) to the highest
temperatures. For the samples under study (they are often given a certain “model” form for simplicity
of description), it is necessary to know the form of the temperature field function described by
differential relations. It is also necessary to close the system of equations by adding the conditions of
uniqueness by the time factor, geometric, physical or boundary conditions.
Changes in the thermophysical properties of products. The phase transformation of water into
ice is associated with a change in heat capacity, thermal conductivity, and thermal diffusivity of
products. As well as the amount of frozen water, the thermophysical properties can be represented as a
function of temperature during freezing.
Unsteady methods for determining the TFC (thermophysical characteristics) of materials are
based on the theory of thermal conductivity under unsteady heat flux. In non-stationary methods,
depending on the magnitude of the Fourier numbers, there are distinguished initial stage methods (Fo ≤
0.55) and regular mode methods (Fo ≥ 0.55). It is also proposed to introduce a common sign of
regularization of the process of heating bodies - according to the boundary conditions specified when
solving the differential heat equation. Of the non-stationary methods for studying the TFC of materials
at temperatures close to room temperature, the methods of regular mode of the first kind are most
widely used, and the methods of monotonous mode are used at temperatures from minus 100 to plus
400 °С. From the theory of heat engineering measurements it is known that non-stationary methods
from the point of view of efficiency, completeness of information obtained on objects of research and
ease of implementation of experimental facilities are more promising. In non-stationary methods for
studying the thermophysical properties of substances, compared with stationary methods, the
requirements for thermal protection are reduced, less time and thermal energy are spent for the
experiment. The disadvantages of non-stationary methods include the complexity of the calculation
equations and the difficulty of assessing the compliance of actual boundary conditions in an
experiment with conditions accepted in theory [16, 17].
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Experimental part. When drying in a fixed filtered layer, the rate of change in the moisture
content of particles located at a certain height inside the layer depends on the temperature of the drying
agent at this height. In turn, the temperature of the drying agent at a certain height in the fixed layer is
a function of the interaction of the drying agent and the wet material in the entire lower part of the
layer, counting from its zero height of the agent inlet in the lower part of the layer. A similar situation
is observed in the cross movement of a transversely filtered layer, if the temperature of the drying
agent at the entrance to the moving layer is constant not only in time but also along the direction of
movement of the material layer, as is the case, for example, in a belt dryer. Therefore, a substantially
periodic drying process in a fixed filter bed simulates a continuous drying process in an apparatus with
cross movement of the filter bed and the drying agent.
High-quality drying of thermolabile products related to medicinal plants should be carried out by
strictly controlling and regulating all process parameters, including the temperature of dehydration
objects [18-20]. It is experimentally impossible to determine the temperature fields in floating fine
particles at a significant intensity of the drying process. As a result of this, it is obvious that the need to
implement a mathematical model of heat and mass transfer in order to calculate temperatures at each
spatial point of atomized particles of dehydrated materials during the drying process to identify and
implement rational modes and control product quality. When introducing rational modes and designs
of drying apparatus, first of all, it is necessary to ensure in practice the conditions for obtaining the
required technological characteristics of the dried material [20-21].
When drying capillary-porous bodies, heat is transferred mainly by the transfer of mass of the
absorbed substance. The evaporation process in the first period occurs from an open surface in a
certain temperature range of the drum. At high temperatures, the drying intensity is determined by the
rate of phase transformation and depends on the intensity of internal vaporization. Since there are no
reliable equations for determining the basic design parameters, the roller dryers are calculated by an
approximate method based on the preparation of the heat balance equations of the drying plant.
Based on the analysis of the technological situation carried out by the authors, we select the
relative air flow rate through the drying unit and the coefficient expressing the heat exchange intensity
between the gas phase and the material to be dried as variable factors. At the same time, we consider
the remaining parameters expressing design and operational features unchanged. The range of
variation is taken equal to from 0.5 to 1.5 of their nominal values.
Individual results shown in Fig. 1 and 2, show that the temperature profile of the material along
the height can be either increasing or decreasing.

Fig. 1. The mode with a positive slope of the
temperature profile on 6 pallets:
1-coolant temperature; 2-temperature of the gas phase;
3-temperature profile for the material; 4-results of
theoretical studies.

Fig. 2. The mode with a negative slope of the
temperature profile on 6 pallets:
1-coolant temperature; 2-temperature of the gas phase;
3-temperature profile for the material; 4-results of
theoretical studies.

As a criterion for the uneven distribution of temperature on the pallets, along with the average
temperature (tmid), we take the variance of the temperature value t disT and the proportionality
coefficient in the formula for linear approximation of the temperature profile.
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The results of the studies in the indicated ranges are shown in the following Fig. 3-6.
Inputs. As a result of the experiments, the authors found criteria for the non-uniformity of
temperature profiles on the pallets of the temperature dispersion of the plant material and the slope of
the approximating straight line at fixed mean temperatures of the substance [22, 23]. It should be noted
that the theoretical results obtained were confirmed by practical laboratory studies. As the above
studies described two counterflow flows, the authors naturally conducted laboratory experiments on
the flow from the bottom to the top. With such a supply of temperature, the drying process was
theoretically predicted. The final product retained as many biologically active substances as possible
[24].
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A mathematical description of the convective drying process is compiled with a two-phase
representation of the flow organization scheme for direct-flow and counter-current interaction of liquid
and air flows without and taking into account the heat consumption for evaporation. As a result, the
relationship between the unevenness criteria, which are clearly manifested when comparing
optimization options according to various criteria, is revealed. The solution of the optimization
problem of minimizing the squared slope in the temperature dispersion of the material provides
insignificant deviations gotimal = 0.3833, kmgoptimal = 0.0124.
The relationship noted above between the criteria for unevenness is clearly manifested when
comparing optimization options for various criteria. For the conditions for solving the optimization
problem by the criterion of minimizing the square of the slope, minimizing the temperature dispersion
of the material gives insignificant deviations: g otimal=0,3833, kmgoptimal=0,0124 [25-26].
Based on the foregoing, we can conclude that the relationship between the criteria of
unevenness, which are clearly manifested when comparing optimization options for various criteria.
The solution to the optimization problem provides slight deviations in the drying process. The
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developed model allows you to organize process control taking into account strategic tasks: maximum
productivity or minimum energy consumption.
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